In this study, the microscopic origins of the voltage-controlled magnetic anisotropy (VCMA) in 3d-ferromagnetic metals are revealed. Using in-situ X-ray fluorescence spectroscopy that provides a high quantum efficiency, electric-field-induced changes in
moment has not been experimentally confirmed.
It has been experimentally confirmed that an electrochemical reaction, namely, O 2− migration, induces a magnetoelectric effect in FeCoOx/MgO [14] , FePt/ion-gel [15] , Co/Gd2O3 [16, 17] , and Fe/BaTiO3 [18] systems. Because such an electrochemical reaction requires a thermal activation process and has a limited operating speed in the sub-millisecond range [17] , it is hardly the microscopic origin of the aforementioned VCMA in 3d-ferromagnetic metals with high-speed (< 0.5 ns) operation [3, [19] [20] [21] .
In addition to this, recent research has shown the significance of the magnetic dipole Tz term in the 5d-state to the VCMA in Pt with proximity-induced spin polarization [22] .
In a Fe/Pt/MgO system, the Tz term induction, correlating with electric quadrupole induction, induces a VCMA through the second-order perturbation term including the spin-flip process [23] . From the first-principles study, this quadrupole mechanism has a comparable contribution to the VCMA in the Fe/Pt/MgO system as the Bruno mechanism. To the best of our knowledge, however, there has been no report experimentally demonstrating the relative significance between the Bruno and the quadrupole mechanisms in 3d-ferromagnetic metals because of a lack of direct observations of the electric-field-induced change of orbital magnetic moment in ferromagnetic metals.
Here, we report direct evidence of the electric-field-induced change of orbital magnetic moment of ultrathin Co films in terms of in-situ X-ray magnetic circular dichroism (XMCD) spectroscopy with ultrahigh efficiency. Utilizing an epitaxial Fe/Co/MgO multilayer system, we obtain an induced orbital magnetic moment anisotropy change of 0.013μB in the presence of electric fields of ±0.2 V/nm. Moreover, the VCMA in the system is estimated well by the induced change of the orbital magnetic moment anisotropy in Co in accordance with the Bruno's perturbation theory model [8] .
The following three sets of samples were prepared for the studies. The first set of samples were tunnel junctions to characterize the electric-field-induced change of XMCD using the partial fluorescence yield (PFY) method and a silicon drift detector (SDD) with a large solid angle. The device structure is illustrated in Fig. 1 . A multilayer consisting of fcc-MgO(001) substrate/fcc-MgO(001) buffer (5 nm)/bcc-V(001) (30 nm)/bcc-Fe(001) (0.4 nm)/Co (0.14 nm)/fcc-MgO(001) barrier (2 nm) was prepared using electron beam deposition in an ultrahigh vacuum. The MgO(001) buffer was employed to block the diffusion of carbon from the surface of the MgO substrate into the V/Fe/Co multilayer [24] . The MgO substrate was annealed at 800 °C for 10 min, and the V layer was post-annealed at 500 °C for 30 min. We confirmed formations of epitaxial and flat interfaces of each layer using the results of reflection high-energy electron diffraction [25] . The 0.14-nm Co, corresponding to a monatomic Co layer, was grown coherently onto the bcc-Fe(001) surface while maintaining its two-dimensional square lattice structure. Then, the Co layer was covered by the fcc-MgO(001) epitaxial layer. Following the removal of the sample from the ultrahigh vacuum, a SiO2 (5 nm)/Cr (2 nm)/Au (5 nm) layer was deposited. Then, the multilayer was patterned into a 160-μm diameter tunnel junction [26] . The second set of samples were continuous films used to characterize the X-ray absorption spectra (XAS) and its XMCD; the total electron yield (TEY) method was employed to calibrate the XMCD obtained by the The XAS/XMCD measurements were conducted at the soft X-ray beamline, BL25SU
of SPring-8. Details of the measurement setup and conditions are reported elsewhere [26] [27] [28] . The degree of circular polarization was previously estimated to be 96% [28] and was used as the correcting factor in the sum rule analysis. The XAS with right and left helicities, μ+ and μ−, respectively, were recorded. The self-absorption effects in the fluorescent XAS/XMCD were corrected by referring to those recorded by the TEY method, which are less affected by the self-absorption effect [29] . In the estimations of the magnetic moments using the sum rule, the accuracy errors of the physical parameters are approximately 10%. However, the errors that emerge due to the relative changes, depending on the electric field and/or magnetization direction, i.e., precision errors, are much smaller than the accuracy errors and were used to determine the error bars for this study. All the XAS/XMCD measurements were conducted at room temperature.
The inset of Fig. 2 Such large magnetic moments were reported in a Fe-Co alloy [33] and Co monatomic layer [34] [35] [36] . The interfacial MAE is defined as the MAE with no bulk-induced effects [2] , and was characterized by the resonant field of the ferromagnetic resonance in the magnetic tunnel junctions [25] . A positive MAE is defined as preferring perpendicular magnetization. The VCMA (fJ/Vm) was characterized by the electric-field-induced shift in the resonant field and is defined as the MAE (mJ/m 2 ) per unit electric field (V/m) in the 2-nm MgO.
It was reported that the (0001)-oriented ultrathin hcp-Co film exhibits orbital magnetic moment anisotropy, which explains the perpendicular MAE [35] . From Table   1 , the orbital magnetic moment of the 0.14-nm Co film in our experiment is relatively large, but its anisotropy is negligible. In contrast to the Co, the Fe exhibits an orbital After the measurements, we can confirm that there is no significant change in the XAS/XMCD before and after the measurements, which implies that sample degradation by the electric field application is negligible. The same measurement with a magnetic field of ±1.9 T with θ = 70° was also conducted. In contrast to the case of Fe/MgO [26, 37] , where the induced changes of XMCD at the Fe-L2 and -L3 absorption edges were negligible, it should be noted that significant changes were observed at the Co-L2
and -L3 absorption edges in Fe/Co/MgO.
The electric-field-induced changes in the magnetic moments of Co were determined using sum rule analysis [30] [31] [32] XAS and hole number can be modulated by the electric-field, the influence of the induced changes in XAS on the changes in magnetic moments could be neglected. As shown in Fig. 3(c) , the mL of Co with a voltage of −3 V is larger than that corresponding to 3 V. Moreover, the induced change of mL with θ = 20° is larger than that with θ = 70°.
Our experiment demonstrates that an orbital magnetic moment anisotropy change of (0.013±0.008)μB between magnetization angles of θ = 20° and 70° was generated in the presence of electric fields of ±0.2 V/nm. The electric-field-induced change in the effective spin magnetic moment mS−7mT is shown in Fig. 3(d) . Similar to mL, mS−7mT is enhanced at negative voltage application. Moreover, the electric-field-induced change of the magnetic moment is anisotropic. In contrast to mT, it is known that mS is insensitive to the magnetization direction. Hence, the anisotropic part of the induced change of the magnetic moment is attributed to mT, that is, the magnetic dipole Tz term [23, 31, 36] . A similar trend in the induced change of mS−7mT
was reported in Pt with proximity-induced spin polarization [22] . Note that the enhanced mS−7mT at a negative bias voltage, which induces holes at the Co-MgO interface, cannot be explained by the electric-field-induced change in mS because of an electrochemical reaction following oxygen migration. In the case of oxygen migration, hole accumulation decreases the magnetic moments as reported in Co/GdOx [16] .
In Figs. 3(c) and (d), the electric-field-induced changes of the magnetic moments may be nonlinear; however, such nonlinear components are within the error bars. During the XMCD measurement, the sample current (power) density in the tunnel junction was approximately 0.5 mA/cm 2 (1.5 mW/cm 2 ). Therefore, the change of the sample temperature would be negligible, i.e., much lower than 1K [38] . Therefore, a sample temperature change is not likely to cause such nonlinear behavior. Moreover, we have confirmed that VCMA in Fe/Co/MgO is linear as reported in our previous studies [39] , where a linear electric-field-induced change in orbital magnetic moment is expected.
Therefore, in the following discussion, we employed the values at ±3 V, in order to minimize errors in the analysis.
To analyze the MAE, the following equation is employed to address the second-order perturbation of the spin-orbit interaction [23] :
The perpendicular MAE (ΔE > 0 for perpendicular easy axis) is defined as the MAE of the in-plane magnetized film subtracted from that of the perpendicularly magnetized film. Here, , and λ' is the effective spin-orbit interaction coefficient in the 3d-bands. In contrast to the case of Pt with proximity-induced spin polarization [22] , we first assume that we can neglect the second term corresponding to the spin-flip perturbation process between the exchange-split Eex majority and minority spin-bands, insofar as E ex is large and λ' is small in the Co. In the case of Co, we can also assume that we can neglect the term related to mL↑ [36] , because the majority spin-band is almost occupied. Thus, the perpendicular MAE is proportional to the measured changes in the orbital magnetic moment; this relation is known as the Bruno From the discussion above, the change of the orbital magnetic moment anisotropy in the Co seems to explain the VCMA. However, the impact of the change of the magnetic dipole Tz term mT shown in Fig. 3(d) , on the VCMA remains to be seen. Figure 4(a) presents a cross-sectional view of our model for the first-principles study. The
Fe/Co/MgO multilayer was modeled by a periodic slab supercell with 3ML-Cu, 4ML-V, 3ML-Fe, 2ML-CoFe, 5ML-MgO, and a 26-Å-thick vacuum layer. To reproduce the magnetic properties in Table 1 , we did not employ the Fe/Co/MgO multilayer with an ideal Co-MgO interface, but instead used that with intermixed CoFe at the MgO interface. To simplify the model, we assume that the Co coverage and Fe coverage in the atoms at the MgO interface are both 0.5. Details of the computation method are reported elsewhere [22] . For the in-plane lattice constant of the atoms, the value of 0.286 nm, which is identical to that of bulk Fe, was employed. Because of the strong screening effect of metals, the MAE change in the system is dominated by atoms at the MgO interface. Table 1 .
To discuss the effects of the electric-field-induced mL and mT on the VCMA, the induced change of perpendicular MAE from the second-order perturbation to the spin-orbit interaction is calculated directly from the first-principles study [40] . We employed the following equation as the perpendicular MAE [41] : Fig. 4(b) . The MAE at +0.2 V/nm is subtracted from that at −0.2 V/nm. As discussed in previous studies [22, 23] , the perpendicular MAE from the spin-conserved terms (ΔE↑↑ and ΔE↓↓) in Eq. 2 corresponds to the first terms of Eq. 1: An external electric field was applied to the ferromagnetic ultrathin Co film with a two-dimensional square lattice via a dielectric consisting of MgO and SiO2.
XAS/XMCD measurements were performed using the PFY method with an SDD. 
